oninvasive imaging of the coronary artery has now become available through the recent development of imaging modalities, including high resolution magnetic resonance imaging (MRI) and electron beam computed tomography (EBCT). Nevertheless, there are still limitations in image quality for adequate evaluation of the anatomy of the coronary artery and for the detection and quantification of the coronary artery plaque. More specifically, the spatial resolution of the currently available 1.5 Tesla MRI is up to 1.0 mm, which is theoretically capable of evaluating the major coronary arteries, but it has not gained clinical acceptance because of the low signal-tonoise ratio. 1-3 EBCT gives high temporal resolution and Circulation Journal Vol.67, February 2003 enables quantitative assessment of coronary artery calcium, 4-6 high-grade stenoses 7 and congenital anomalies. 8 However, because of limited spatial resolution related to the limited z axis resolution, it does not allow direct visualization of the coronary artery system and therefore, has not gained widespread clinical use. [9] [10] [11] During the past years, multislice spiral computed tomography (MSCT), which simultaneously acquires 4 sections, has 0.5 s gantry rotation and up to 125 ms temporal resolution, has been introduced 12,13 and initial results indicate that this technique enables visualization of the major coronary artery branches in normal subjects, 14 as well as coronary artery stents and vessels with significant luminal narrowing distal to the stent. 15 Moreover, a recent study by Schroeder et al demonstrated that MSCT can detect coronary artery soft plaques as validated by intracoronary ultrasound. 16 These preliminary data give substantial optimism for the noninvasive comprehension of coronary artery anatomy in the near future. However, limitations still exist with the reproducibility of images that are satisfactory for Although the excellent spatial resolution of multislice spiral computed tomography (MSCT) enables the coronary arteries to be visualized, its limited temporal resolution results in poor image reproducibility because of cardiac motion artifact (CMA) and hence limits its widespread clinical use. A novel retrospectively ECG-gated reconstruction method has been developed to minimize CMA. In 88 consecutive patients, the scan data were reconstructed using 2 retrospectively ECG-gated reconstruction methods. Method 1: the end of the reconstruction window (250 ms) was positioned at the peak of the P wave on ECG, which corresponded to the end of the slow filling phase during diastole immediately before atrial contraction. Method 2 (conventional method): relative retrospective gating with 50% referred to the R-R interval was performed so that the beginning of the reconstruction window (250 ms) was positioned at the halfway point between the R-R intervals of the heart cycle. The quality of the coronary artery images was evaluated according to the presence or absence of CMA. The assessment was applied to the left main coronary artery (LMCA), the left anterior descending artery (LAD, segments #6, #7 and #8), the left circumflex artery (LCx, segments #11 and #13) and the right coronary artery (RCA, segments #1, #2 and #3). The first diagonal artery (#9-1), the obtuse marginal artery (#12-1), the posterior descending artery (#4-PD), the atrioventricular node branch (#4-AV) and the first right ventricular branch (RV) were also evaluated. Of the 88 patients, 85 were eligible for image evaluation. Method 1 allowed visualization of the major coronary arteries without CMA in the majority of patients. The LCA system (segments #5-7, #11 and #13) and the proximal portion of the RCA were visualized in more than 94% of patients. Artifact-free visualization of the distal portion of the LAD (segment #8) and RCA (#4PD and #4AV), and side branches (#9-1, #12-1 and RV) was also achieved in more than 80% of patients. On the other hand, CMA occurred frequently on images obtained by Method 2. The LCx and RCA systems were the most affected by CMA, revealing only 41% artifact-free visualization of the segment #13, 39% of #1, 15% of #2 and 32% of #3. Thus, Method 1, which avoids the ventricular motion occurring during the rapid filling and atrial contraction phases, gives superior image quality over the conventional ECG-gated reconstruction method. (Circ J 2003; 67: 107 -111) 
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We hypothesized that the major source of CMA was rapid and abrupt movement of the left and right ventricular free walls caused by the atrial contraction and rapid filling during diastole, and that minimization of these movements from the ECG reconstruction window should lead to superior image quality of the coronary artery compared with the methods previously described.
Methods

Patient Population
The study group consisted of 88 consecutive patients undergoing MSCT between February 14 and July 10, 2002 and included patients with suspected angina pectoris (n=44), previous myocardial infarction (n=20) or in the acute or subacute phase of myocardial infarction (AMI) who underwent therapeutic angiographic studies (n=6), and angiographically proven stable angina pectoris (n=18). Exclusion criteria included (1) chronic atrial fibrillation or other supraventricular/ventricular arrhythmias, (2) deteriorated renal function (serum creatinine >1.5 mg/dl), 3) known allergic reactions to contrast media, or pregnancy or hyperthyroidism and (4) acute myocardial infarction within the past 2 days and severe left ventricular dysfunction (left ventricular ejection fraction ≤30%). The study was approved by the hospital's institutional review board and written informed consent was obtained from all patients.
MSCT
Medications were not discontinued prior to the MSCT study, which was performed with a SOMATOM Volume Zoom (Siemens AG, Germany). Basically, patients were given metoprolol (20-60 mg p.o.) 1.5-2 h prior to the MSCT scan to achieve a heart rate less than 64 beats/min so that the single-phase algorithm (using data from 1 cardiac cycle only) could be developed. In one patient, verapamil hydrochloride (5 mg) was administered instead of metoprolol because of a history of bronchial asthma. In addition, 0.6 mg of nitroglycerin (Myocol spray, Toa Eiyo, Tokyo, Japan) was given sublingually 5 min prior to the scan. All the image acquisitions were performed in inspiratory breathhold preceded by inhalation of oxygen (3 L/min) for 5 min. First, a noncontrast localization scan was performed to gain an anteroposterior view of the chest in order to position the imaging volume correctly for coronary artery imaging. A bolus of 15 ml of contrast agent (Iomeron 350, Eisai, Tokyo, Japan) was injected intravenously at 3.3 ml/s via a 20 g catheter in the cubital vein. After imaging at the level of the carina and positioning the region of interest (ROI) in the center of the ascending aorta, contrast agent was injected and the time interval between injection and the maximum enhancement within the ROI was measured (collimation 2.5 mm, pitch 1.5, 140 KV, 60 mA, rotation time 500 ms) (Fig 1) . Contrast agent (85 ml) was then injected into the cubital vein, and the scan was started with a delay according to the previously determined contrast agent transit time. The volume data set for coronary artery imaging was acquired in spiral mode, with simultaneous acquisition of 4 parallel slices (1.0 mm collimation each, pitch 1.5, 140 KV, 320 mA and gantry rotation time of 500 ms), which allows a temporal resolution of 250 ms and spatial resolution of 0.5 mm. 12 The patient's ECG was digitized and continuously monitored during the scan period.
Image Reconstruction
The raw data of the scans were reconstructed using the following 2 retrospectively ECG-gated reconstruction methods.
Method 1 A reconstruction window (250 ms) was positioned so that the end of the reconstruction period was positioned at the peak of the P wave on the ECG. This period corresponds to the end of the slow filling phase during diastole immediately before abrupt movement of the right and left ventricles caused by atrial contraction (Fig 2) . Our preliminary echocardiographic study in 50 healthy individuals with sinus rhythm had demonstrated that the interval between the peak of the P wave on ECG and the onset of the atrial kick of the ventricles is 37±19 ms (range, 0-70 ms) for the right ventricle and 54±24 (range, 20-120 ms) for the left ventricle. This method also allows reduction of CMA caused by rapid ventricular diastolic movement during the rapid filling period.
Method 2 Relative retrospective gating with 50% referred to the R-R interval was performed so that the beginning of the reconstruction window (250 ms) is positioned at the half point between the R-R intervals of the cardiac cycle.
Thus, 2 different ECG-gated reconstructions were performed on the simultaneously monitored ECG on the work station (Fig 3) .
Data Evaluation
The reconstructed image data of the CT angiography were transferred to a computer workstation for postprocessing (3D Virtuoso, Siemens, Forchheim, Germany). On the basis of the cross-sectional images, curved multiplanar reconstruction (MPR) images and 3D reconstruction images, the image quality of the each coronary artery branch was judged as satisfactory or unsatisfactory for morphological evaluation. The assessment was applied to the 4 major coronary arteries: the left main coronary artery (LMCA), the left anterior descending artery (LAD, segments #6, #7 and #8), the left circumflex artery (LCx, segment #11 and #13) and the right coronary artery (RCA, segments #1, #2 and #3). The side branches were also evaluated and included the first diagonal artery (#9-1), the obtuse marginal artery (#12-1), the posterior descending artery (#4-PD), the atrioventricular node branch (#4-AV) and the first right ventricular branch (RV). The quality of the coronary artery images was evaluated according to the presence or absence of CMA: the presence of CMA was defined as disruption of the coronary artery lumen with concomitant discontinuity of the surface of the right or left ventricular free wall on volume rendering and MPR images (Fig 4) and as the sudden discontinuation of coronary artery lumen on the consecutive axial images. CMA could be differentiated from artifacts caused by patient movement from the absence of irregularities of the spine, sternum and precordial ECG leads. The number of coronary artery segments free from CMA was counted and compared between the 2 reconstruction methods.
Statistical Analysis
The presence or absence of CMA was determined by at least 3 independent readers who were unaware of the clinical history of the patients. When a discrepancy occurred, the images were reviewed until a consensus was reached.
The number and percentage of major coronary arteries and their branches free from CMA were compared between the 2 methods using Fisher's exact probability test. All the data were expressed as the mean ± standard deviation.
Results
MSCT was performed without major complications in all 88 patients, but 1 patient was excluded from the analysis because of poor contrast enhancement of the coronary arteries resulting from inadequate contrast transit time measurement, another because of multiple supraventricular premature contractions during the scan period, and 1 other because of difficulty in breathholding. Thus, the images from the remaining 85 patients were evaluated. The heart rate increased from 52±6 beats/min to 58±7 beats/min during breathhold and the single-phase algorithm was applied to all the patients.
The contrast transit time was 23.5±4.5 s, but varied among patients (16-35 s) . Homogeneous and sufficient contrast opacification of the coronary arteries was achieved in all the patients in whom the contrast transit time was successfully measured, allowing visualization of not only the major coronary arteries, but also the peripheral coronary artery branches. 
Circulation Journal Vol.67, February 2003
Number of Arteries Free From CMA in the 2 ECG-Gated Retrospective Reconstruction Methods
In 4 patients, the major coronary arteries and their branches were not visible because of total occlusion or absence of the arteries, as documented by invasive coronary angiography, and these arteries were excluded from analysis (segment #6: 2 arteries; #7: 3 arteries; #8: 2 arteries; #9-1: 3 arteries; #13: 2 arteries; #12-1: 4 arteries; #3: 1 artery; #4PD: 1 artery; #4AV: 1 artery). One patient had a total occlusion at the proximal portion of #7 with retrograde contrast opacification into #8 on both angiographic and MSCT examinations. Thus, 755 major coronary artery segments (segments #1-3, #5-8, #11, #13) and 416 side branches (#9-1, #12-1, #4 PD, #4AV and RV) were analyzed. Table 1 shows the number and percentage of coronary artery segments free from CMA. Method 1 enabled visualization of the major coronary arteries without CMA in the majority of patients; the left coronary artery system (segments #5-7, #11 and #13) and the proximal portion of the RCA were visualized almost perfectly in more than 94% of patients, but the mid-to distal portion of the RCA (segments #2-3) was frequently affected by CMA, allowing artifact-free visualization of these segments of 86-87%. Artifact-free visualization of the distal portion of the LAD (segment #8) and RCA (#4PD and #4AV), and side branches (#9-1, #12-1 and RV) was also achieved in more than 82% of patients. On the other hand, CMA occurred frequently on images obtained by Method 2; the LCx and RCA systems were the most affected by CMA, revealing only 41% artifact-free visualization of segment #13, 39% of #1, 15% of #2 and 32% of #3. Visualization of the distal coronary arteries and their side branches were also unsatisfactory because of CMA: only 42% of segment #8, 49% of #12-1, 35% of #4PD, 32% of #4AV and 24% of the RV branches were free from CMA.
Discussion
Our study demonstrates that MSCT using our retrospective ECG-gated reconstruction technique that reduces CMA (Method 1) enables artifact-free visualization of not only the major coronary arteries, but also of their distal portions and side branches. More than 96% of the proximal portions of the left coronary arteries (segments #5-7, #11 and #13) and more than 86% of the RCA segments were unaffected by CMA and satisfactory for further anatomical evaluation.
Despite the recent development of CT hardware, the present status of MSCT is still that is unacceptable for routine clinical use because of the limited image reproducibility caused mainly by CMA. The temporal resolution of MSCT is still limited to 250 ms when the single-phase algorithm is used, which implies that creating CMA-free images requires a motion-free period longer than 250 ms. Technically, the temporal resolution can be increased up to 125 ms by using image data obtained from 2 consecutive cardiac cycles (bi-phase algorithm) and this may allow improved image quality in patients with a high heart rate. However, as the spatial resolution decreases, detailed observation of the coronary artery is not possible. In fact, Achenbach et al utilized the same CT hardware and showed that 21% of the LAD and LCx, and 25% of the RCA were insufficiently visualized because of CMA caused by the high heart rate (mean, 77 beats/min; range, 51-115 beats/min). 14 Therefore, the use of -blocking agents is essential to avoid CMA. We used metoprolol to reduce the heart rate to less than 64 beats/min for performance of the single-phase algorithm and to obtain a motion-free period for more than 250 ms during diastole.
Another technique we utilized in the present study is appropriate positioning of the reconstruction window. The ECG-gated reconstruction window was positioned immediately before the atrial contraction period, which could be recognized by the P wave on simultaneous ECG monitoring. This period corresponds to that of least cardiac motion during diastole. The previously recommended reconstruction method was either to perform multiple reconstructions by creating 10 sets of reconstruction data and selecting the image of fewest CMA 14, 15 or to position the data acquisition interval at 50% of the R-R interval. 16 However, neither of these methods has a physiological basis and both are extremely time consuming, and therefore not suitable for routine clinical use.
Study Limitations
(1) We did not perform the bi-phase algorithm with a shorter temporal resolution (125 ms) in the present patients. CMA may have been less frequent in patients with high heart rate (>65 beats/min) when the bi-phase algorithm was used. However, as stated earlier, the spatial resolution decreases as the temporal resolution increases. It is feasible to perform the single-phase algorithm for coronary artery imaging.
(2) Coronary angiography was performed in only 24 patients, and therefore, comparison between the 2 methods would not be possible when the coronary artery was totally occluded. However, none of the patients had total occlusion of the coronary artery on MSCT, except for 4 patients with angiographically documented coronary artery occlusions. Further study is needed to compare the 2 methods in patients undergoing coronary angiography.
In conclusion, our retrospective ECG-gated image reconstruction method, which avoids the cardiac motion occurring during the ventricular rapid filling and atrial contraction phases, reduced the incidence of CMA and therefore provided superior image quality of the coronary artery over the conventional reconstruction method. Further analysis is required to establish the efficacy of our method in patients with angiographically documented coronary artery disease and in normal subjects.
